While all animals have evolved strategies to respond to injury and disease, their ability to functionally recover from loss of or damage to organs or appendages varies widely damage to skeletal muscle, but, unlike amphibians and fish, they fail to regenerate heart, lens, retina, or appendages. The relatively young field of regenerative medicine strives to develop therapies aimed at improving regenerative processes in humans and is predicated on >40 years of success with bone marrow transplants. Further progress will be accelerated by implementing knowledge about the molecular mechanisms that regulate regenerative processes in model organisms that naturally possess the ability to regenerate organs and/or appendages. In this review we summarize the current knowledge about the signaling pathways that regulate regeneration of amphibian and fish appendages, fish heart, and mammalian liver and skeletal muscle. While the cellular mechanisms and the cell types involved in regeneration of these systems vary widely, it is evident that shared signals are involved in tissue regeneration. Signals provided by the immune system appear to act as triggers of many regenerative processes. Subsequently, pathways that are best known for their importance in regulating embryonic development, in particular fibroblast growth factor (FGF) and Wnt/␤-catenin signaling (as well as others), are required for progenitor cell formation or activation and for cell proliferation and specification leading to tissue regrowth. Experimental activation of these pathways or interference with signals that inhibit regenerative processes can augment or even trigger regeneration in certain contexts.
While all animals have evolved strategies to respond to injury and disease, their ability to functionally recover from loss of or damage to organs or appendages varies widely damage to skeletal muscle, but, unlike amphibians and fish, they fail to regenerate heart, lens, retina, or appendages. The relatively young field of regenerative medicine strives to develop therapies aimed at improving regenerative processes in humans and is predicated on >40 years of success with bone marrow transplants. Further progress will be accelerated by implementing knowledge about the molecular mechanisms that regulate regenerative processes in model organisms that naturally possess the ability to regenerate organs and/or appendages. In this review we summarize the current knowledge about the signaling pathways that regulate regeneration of amphibian and fish appendages, fish heart, and mammalian liver and skeletal muscle. While the cellular mechanisms and the cell types involved in regeneration of these systems vary widely, it is evident that shared signals are involved in tissue regeneration. Signals provided by the immune system appear to act as triggers of many regenerative processes. Subsequently, pathways that are best known for their importance in regulating embryonic development, in particular fibroblast growth factor (FGF) and Wnt/␤-catenin signaling (as well as others), are required for progenitor cell formation or activation and for cell proliferation and specification leading to tissue regrowth. Experimental activation of these pathways or interference with signals that inhibit regenerative processes can augment or even trigger regeneration in certain contexts.
What is regeneration?
All organisms have evolved strategies to maintain their function and form throughout adult life. Many differentiated cell types are short-lived and need to be continuously replaced. Prominent examples of such homeostatic replacement are found in the vertebrate blood lineage, gut epithelium, and skin. Furthermore, many organisms freely part with substantial parts of their body and replace them, in many cases repeatedly throughout life. Examples include the shedding cycles of the crustacean exoskeleton and snake skin, the annual replacement of bird feathers, the dramatic loss and regrowth of deer antlers, and the renewal of the endometrium after a menstrual period in mammals.
In addition to these physiological phenomena of reconstitution, all animals have means of dealing with damage due to injury or disease. Healing of epidermal wounds is an efficient process of repair in most organisms, but the ability to recover from damage to other organs or structures varies widely in different organisms. Some invertebrates, such as planarians or annelid worms, can regrow all missing body parts when cut into small pieces, while some vertebrates, such as amphibia, can replace lost limbs, tails, lens, retina, and several internal organs and repair skeletal muscle, peripheral nervous system and CNS. Fish can also regrow amputated hearts. Mammals (including humans) can repair damage to skeletal muscle and peripheral nervous system and can recover from damage to the liver, but lack the ability of amphibia and fish to regrow appendages, heart, lens, retina, and CNS.
The term "regeneration" has been used to describe all the phenomena mentioned above, including the homeostatic reconstitution of short-lived cell types (e.g., blood), the whole body re-establishment of organisms like planaria, and all phenomena in between. This clearly covers phenomena of very different kinds; thus, a clear definition of what "regeneration" is and how it differs from "repair" or "reconstitution" is not in sight. In our view, it is useful to look at repair in animals as a continual spectrum of phenomena that share many mechanistic principles. Therefore, for the purpose of this review, we use a quite inclusive definition of regeneration that includes all of the above-mentioned processes and simply defines regeneration as a processes that allows an [Keywords: Wnt; FGF; blastema; zebrafish; Xenopus; limb] organism to regain the function of an organ or structure damaged by injury or disease. We focus on regeneration in vertebrates, where we distinguish three types of regeneration: (1) "Epimorphic": regeneration via formation of a blastema, a population of progenitor cells that arises through epithelial mesenchymal interactions and contains intrinsic morphogenetic information that is required to repattern the regenerating structure (e.g., limb, tail, and fin regeneration). (2) "Compensatory growth": here it is not the damaged part of an organ that is restored, but uninjured parts of the organ compensate for the loss by growth (e.g., after removal of two lobes of the liver, the third lobe grows until the original mass of the liver is restored). (3) "Tissue regeneration": repair of local, limited damage to an organ predominantly via restoration of only one cell type (e.g., skeletal muscle).
These regenerative processes include phenomena of very different complexities: compensatory growth of the liver after partial hepatectomy, where existing hepatocytes replicate without activation of progenitor cells, and repair of local damage to muscle by production of new muscle fibers are both certainly much less complicated processes than regrowth of a limb containing many different cell types that are organized into tissues and patterned along the proximal-distal, dorsal-ventral, and anterior-posterior axes. Nevertheless, all regenerative processes need to be tightly regulated and involve communication between different cell types. In this review, we give an overview of the current knowledge about signaling pathways regulating vertebrate regeneration, concentrating on selected systems that are fairly well understood or of high clinical relevance. Tables 1 and 2 summarize key cellular and molecular events in regeneration of these systems.
Limb regeneration
The ability of vertebrates to regenerate limbs varies greatly. The true champions of limb regeneration are urodele amphibians (newts and salamanders), which possess the ability to regenerate amputated limbs anytime during their life (for review, see Roy and Levesque 2006) . Anuran amphibians (frogs) can regenerate limbs during larval stages, but progressively lose this capability during further development (Dent 1962; Muneoka et al. 1986b) . Amputated or severed limbs in adult mammals and chickens do not regenerate at all; however, digit tips of mature mammalian limbs do possess regenerative capabilities (Douglas 1972; Illingworth 1974; Borgens 1982) . Much has been learned by studying limb regeneration in each organism, from both the standpoint of what is required for a regenerative limb to regenerate as well as how to induce a nonregenerative limb to do so. Here we review the molecular and cellular events that occur during each step of limb regeneration-the culmination of what we have learned from each organism.
Wound healing
The first step in limb regeneration is healing of the wound, which occurs differently in nonregenerative and regenerating limbs. Following an inflammatory response, a large wound in mammals takes days to close and results in the accumulation of collagen bundles that form scar tissue (for review, see Martin 1997; Han et al. 2005) . In contrast, after amputation of the urodele or larval anuran limb, the surface of the wound is covered rapidly (within a matter of hours) with epidermal cells that migrate from the edge of the amputation surface, forming the "wound epidermis" (WE) (for review, see Call and Tsonis 2005) . It is not known what immediate signals induce cells to migrate to cover the wound, but it is known that the formation of the WE is required for regeneration to occur (Thornton 1957) . Matrix metalloproteinases (MMPs) are up-regulated very early after amputation and are required for regeneration, and it is postulated that they play a role in matrix degradation, contributing to formation of the WE (Call and Tsonis 2005; Vinarsky et al. 2005) . The WE becomes a specialized structure (that some call the apical epithelial cap [AEC]), which is distinct morphologically and in gene expression from the normal epithelium (for review, see Call and Tsonis 2005; Han et al. 2005 ). This structure is thought to be similar to the apical ectodermal ridge (AER) that is present in the developing limb bud, which directs and patterns limb outgrowth in amniotes (Summerbell 1974; Saunders et al. 1976; Saunders 1998 ), but there is some debate about how similar these structures actually are. This is due, in part, to the fact that after amputation of a regenerating limb with a WE (or AEC), the AEC (and limb) regenerates, but after amputation of a developing limb with an AER (like the chick limb bud), the AER does not regenerate, and neither does the developing limb (Tschumi 1957; Hayamizu et al. 1994) . Recent evidence shows that Wnt/␤-catenin signaling is required for structural maturation of the WE in axolotls and frogs, but not for the earlier phase of epidermal migration after wounding (Kawakami et al. 2006) .
Blastema formation
Signals from the WE are thought to induce formation of the "regeneration blastema," which is comprised of progenitor cells that accumulate at the amputation plane, proliferate, and differentiate to direct regeneration at the distal tip of the regenerating limb (for review, see Wallace 1981; Tsonis 1996) . The blastema is thought to be formed by differentiated cells that dedifferentiate upon amputation of the limb and/or by activation of resident stem cells.
It has been shown that differentiated cells of many tissues in the urodele limb stump dedifferentiate to give rise to the blastema (Muneoka et al. 1986a; Echeverri et al. 2001) . In vitro and in vivo evidence demonstrates that muscle tissue dedifferentiates from multinucleated myotubes (in culture) and myofibers (in vivo) to form mononucleated cells that proliferate and contribute to the blastema (Namenwirth 1974; Lo et al. 1993; Kumar et al. 2000; Echeverri et al. 2001; Brockes and Kumar 2002) . Tanaka et al. (1999) have shown that the bloodclotting proteinase thrombin may act as an extracellular signal that induces this process, as it can indirectly induce S-phase re-entry in cultured newt myotubes. It is also known that, intracellularly, phosphorylation of the retinoblastoma (Rb) protein and expression of the homeobox protein Msx1, a transcriptional repressor that is expressed in many regenerating systems, is required for myotube cell cycle re-entry in vitro (Tanaka et al. 1997; Kumar et al. 2004) . Many studies describe the role of the dermis in contributing to the formation of the blastema; it is distinct in this way from the epidermis, which is known to only contribute to formation of the WE (Riddiford 1960; Hay and Fischman 1961; Endo et al. 2004) . Cells of the dermis can give rise to multiple cell types in the regenerating limb, including cartilage and connective tissue (Dunis and Namenwirth 1977) ; however, the molecular signals that govern this process are not understood. Cartilage cells also have been shown to dedifferentiate to participiate in the blastema formation during limb regeneration (Steen 1968; Namenwirth 1974; Muneoka et al. 1986a ), but extensive studies have not been done to uncover the molecular signals involved in this process either. It is known, however, that Wnt7a can induce dedifferentiation of mammalian chondrocytes in vitro, by stimulating ␤-catenin-mediated transcription (Hwang et al. 2004) .
In urodeles, it has been recently shown that pax7-expressing muscle satellite cells, which are well-described muscle progenitor cells in mammalian muscle formation and regeneration (see below), become mitotically active after limb amputation (Morrison et al. 2006) . Moreover, pax7-expressing cells are found in the blastema, suggesting that these cells may participate in blastema formation. This is a surprising and somewhat controversial finding, however, because most research in the field points to dedifferentiation as playing the major role in forming the urodele blastema.
During blastema formation, the WE in both urodeles and larval anurans begins to express fibroblast growth factor 8 (fgf8) (Christen and Slack 1997; Han et al. 2001 ; Christensen et al. 2002) . fgf8 and fgf10 expression correlates with regenerative capacity in Xenopus; amputation at a later, nonregenerative stage of development fails to result in the formation of a blastema or expression of either of these fgf genes (Yokoyama et al. 2000) . Kostakopoulou et al. 1996) . Using a stable transgenic line of Xenopus in which expression of the soluble bone morphogenetic protein (BMP) inhibitor noggin is under the control of a heatshock-inducible promoter, Beck et al. (2006) showed that BMP signaling is required for blastema formation, msx1 and fgf8 expression, and proliferation of cells in the epidermis as well as the blastema. Recent loss-of-function studies point to a similar role for Wnt/␤-catenin signaling during limb regeneration (Kawakami et al. 2006; Yokoyama et al. 2007 ). Inhibition of Wnt/␤-catenin signaling early during the process of limb regeneration completely inhibits regeneration in both the axolotl and Xenopus (Kawakami et al. 2006; Yokoyama et al. 2007 ), while inhibition later, after the blastema has formed, causes a partial regenerative response, where some, but not all digits of the limb regenerate (Yokoyama et al. 2007) . Furthermore, reduced Wnt/␤-catenin signaling abolishes fgf8, but not fgf10, expression, suggesting that Wnt/␤-catenin signaling acts upstream of fgf8 and downstream from, or in parallel with, fgf10 (Yokoyama et al. 2007) . Wnt3a is a candidate Wnt ligand that may mediate these effects, since it is expressed in the same region as fgf8 in the regenerating blastema (Yokoyama et al. 2007 ). Regeneration of later-stage Xenopus limbs, at a stage when the regenerative response is reduced, and of the nonregenerative developing chick limb is rescued after treatment with a ␤-catenin-expressing virus, demonstrating that Wnt/␤-catenin signaling is sufficient to induce regeneration in a nonregenerative limb (Kawakami et al. 2006) .
Nerve-derived signals
It is well known that limb regeneration requires innervation (for review, see Wallace 1981) . It has been suggested that axons secrete what have been called "neurotrophic factors" into the amputated limb and that these factors up-regulate genes important for the regenerative process. FGF2 may be one such factor (Mullen et al. 1996) . It is detected at the protein level in the WE and in nerves, and its expression decreases dramatically after denervation. Furthermore, FGF2-soaked beads can rescue regeneration in denervated regenerates (Mullen et al. 1996) . It has been recently shown that innervation is required for maintenance of expression of genes in the early blastema of the froglet, including tbx5 and prx1, and for initiation of expression of msx1, fgf8, and fgf10 in the late blastema (Suzuki et al. 2005) . fgf8 and fgf10 expression levels are also reduced in the denervated blastema of the axolotl (Christensen et al. 2001) , suggesting that the requirement of neuronal input for FGF expression is a conserved feature among species.
Signals regulating morphogenesis
The ability of cells to determine their position in three dimensions is crucial to the establishment of proper patterning in a developing or regenerating organ. Classical experiments show that retinoic acid (RA) instructs positional identity in regenerating anuran tadpole or urodele limbs (Niazi and Saxena 1978; Maden 1982) . Normally, amphibia regenerate only the missing part of a limb after amputation. In contrast, in an excess of RA, limbs amputated at the wrist level will not only regenerate a hand or foot, but an additional entire limb, resulting in a limb that is duplicated along the proximodistal axis. This has been shown to be dose-dependent in that decreasing amounts of RA results in distalization of the duplicated regenerate (Thoms and Stocum 1984) . In addition to the role RA plays in patterning of the proximodistal axis, it has also been shown to affect dorsoventral patterning of the regenerating axolotl limb as well (Ludolph et al. 1990) . Endogenously, it is thought that the role of RA is to specify proximal identities by acting through the GPIanchored cell surface molecule prod1 (da Silva et al. 2002) and through meis1 and meis2, two homeobox genes that are RA targets during limb development (Mercader et al. 2000) as well as in limb regeneration (Mercader et al. 2005) . Shh is also expressed after limb amputation in urodeles (Imokawa and Yoshizato 1997; Torok et al. 1999 ) and in regenerating limb buds of anurans (Endo et al. 1997) , and functional evidence suggests that Shh is important for imparting anterior-posterior axis information to the regenerating limb (Roy et al. 2000; Roy and Gardiner 2002) , much like it does during limb development in other species (Riddle et al. 1993) .
Mammalian digit tip regeneration
Only the ends of digits regenerate in mammals. Using an in vitro digit tip regeneration model, Han et al. (2003) showed that Msx1 mutant mice display a regeneration defect. This can be rescued with BMP4, and wild-type digit tip regeneration can be inhibited with Noggin, implicating BMP signaling as being required for this process, likely downstream from Msx1 (Han et al. 2003 ). An encouraging discovery in humans, made >30 years ago, is that fingertip amputations result in regeneration (Doug-las 1972; Illingworth 1974) , much like mouse digit tips. Whether a fingertip can regenerate or not is based on the level where it was amputated; successful regeneration is reported following amputation through the proximal region of the distal phalanx (Illingworth 1974) . Functional analysis of this phenomenon has been impossible in humans until recently. Allan et al. (2006) describe an in vitro human fetal digit tip regeneration assay, in which human fetal digits regrow tissue in response to amputation and up-regulate MSX1 expression 4 d post-amputation (dpa). This exciting technical development provides researchers with a new way to bring what we have learned about limb regeneration from other organisms to ask therapeutically relevant questions in humans.
Summary
Key events in limb regeneration are the establishment of a specialized WE and the subsequent formation of the progenitor cell population of the blastema. In urodeles, dedifferentiation of differentiated cells contributes to blastema formation. The cellular events that occur during limb regeneration are summarized in Table 1 
Tail regeneration
Urodele amphibians and anuran tadpoles can also regenerate their tails, including spinal cord, notochord, and muscle (Bosco 1979; Brockes 1997) . This occurs through the same steps as limb regeneration: wound healing, blastema formation, and outgrowth. The general cellular processes appear to be quite similar at each step of tail regeneration when compared with limb regeneration. Interestingly, though, with regard to tail regeneration, there appear to be differences between species. Specifically, it is clear that muscle regeneration differs between urodeles and anurans. In vivo imaging demonstrates that muscle fiber dedifferentiation is a major contributor to the regenerating tail blastema in the larval axolotl (Echeverri et al. 2001) . However, the case is completely different in Xenopus tail regeneration, where myofibers do not dedifferentiae (Ryffel et al. 2003; Gargioli and Slack 2004) . Rather, pax7-expressing satellite cells are the muscle cell precursors in Xenopus tail regeneration (Chen et al. 2006) . Another cellular aspect of Xenopus tail regeneration, recently discovered by Tseng et al. (2007) , is that apoptosis is required during the first 24 h post-amputation (hpa). When Caspase-3 activity is inhibited, regeneration is abolished. Tseng et al. (2007) interpret these results to mean that there may exist endogenous inhibitory cells that must be destroyed by programmed cell death for regeneration to occur.
It was formerly thought that the tail of the Xenopus tadpole could regenerate at all stages up until metamorphosis, but it has recently been shown that this is not the case (Beck et al. 2003) . In particular, at stage 46/47, there is a "refractory period" during which most tadpoles heal over the wound and fail to regenerate. If tadpoles are allowed to grow to a later stage (around stage 49) and are then amputated, the tail does regenerate. The causes of the refractory period are not understood, but it provides a model with which to study molecules that might promote regeneration. Additionally, in the same system, one can test inhibitors of regeneration at later stages.
By using constitutively active or dominant-negative gene products, induced under the control of a heat-shock promoter, the roles of BMP and Notch signaling in tail regeneration were uncovered (Beck et al. 2003) . When BMP signaling is inhibited before amputation of a nor- Figure 1 . Major signaling events regulating vertebrate limb regeneration. The cartoon combines signals that were found to be required in vivo or were implicated to be involved by in vitro data. Regeneration occurs in three steps. (1) Wound healing and formation of a specialized WE require Wnt/␤-catenin signaling and the action of MMPs. (2) Wnt/␤-catenin signaling, together with FGF and BMP signals, is also required for blastema formation. In urodele amphibia, dedifferentiation of muscle fibers contributes to establishment of the blastema. The blood-clotting proteinase thrombin is implicated in re-entry of muscle cells into the cell cycle, as is phosphorylation and inactivation of the Rb protein. Forced expression of the homeobox transcriptional repressor msx1 is sufficient to cause dedifferentiation of muscle fibers in culture. (3) BMP signaling is required for blastema proliferation during regenerative outgrowth, while Shh is essential for patterning of the limb along the anteroposterior axis. RA regulates patterning along the proximal-distal axis and thus controls positional memory. mally regenerative tail by induction of Noggin, an extracellular inhibitor of BMP signaling (Smith and Harland 1992) , or tBR, a truncated BMP receptor that behaves as a dominant negative (Suzuki et al. 1994) , regeneration is halted (Beck et al. 2003) . By initiating heat shocks of hsp70-noggin transgenic tadpoles at different times, Beck et al. (2006) discovered that the requirement for BMP signaling in tail regeneration is relatively late, 24-48 hpa. It is specifically required for the induction of msx1 expression and cellular proliferation in the notochord and spinal cord. Interestingly, in transgenic frogs expressing Alk3, a constitutively active form of the type I BMP receptor that stimulates the BMP pathway, regeneration of the tail during the "refractory period" is restored with all components of the tail-including muscle, spinal cord, notochord, and fin-regrowing normally (Beck et al. 2003) . Msx1, which is directly activated by BMP signaling (Suzuki et al. 1997) , is re-expressed in Alk3 transgenics that display "rescued" regeneration during the refractory period. Furthermore, activating msx1 in transgenic frogs amputated during the refractory period stimulates normal regeneration, suggesting that msx1 can substitute for BMP signaling in tail regeneration and is likely an important regulator of the mechanism by which BMP signaling stimulates regeneration (Beck et al. 2003) . These data suggest that BMP signaling is not only required for regeneration of a regenerative stage tail, but is also sufficient to promote regeneration of the tail during the refractory period. Furthermore, since BMP signaling regulates proliferation of only notochord and spinal cord cells, but can rescue regeneration of the entire tail when overexpressed, Beck et al. (2006) hypothesize that the driving force behind tail tissue regeneration comes from these midline structures.
Notch signaling is also required for normal tail regeneration as inhibition of Notch signaling with the drug MG132 completely abolishes tail regeneration (Beck et al. 2003) . Overexpression of the constitutively active Notch intracellular domain (NICD) during the refractory period stimulates the regeneration of a tail that contains notochord and spinal cord, but little to no muscle. Furthermore, Notch signaling appears to act downstream from BMP signaling because MG132 inhibits regeneration induced during the refractory period by Alk3. In addition, the NICD can induce regeneration during the refractory period even when tBR is also expressed. It is important to note that the effects of the NICD/tBR were comparable with the effects of the NICD treatment alone in that no muscle regenerates in the tail (Beck et al. 2003) . This implies that the BMP pathway has a separate effect on muscle regeneration that is independent of Notch signaling.
Evidence for the role of Shh signaling comes from studies using the pharmacological inhibitor cyclopamine, which revealed that hedgehog signaling is not only required for dorsoventral patterning of the regenerating spinal cord, but also for regeneration of surrounding mesodermal tissues (Schnapp et al. 2005) . Proliferation of blastemal cells was reduced, resulting in an overall inhibition of tail regeneration. Furthermore, expression of sox9, a cartilage cell marker, was lost. Interestingly, these roles for Shh signaling during tail regeneration are distinct from the role of Shh in limb regeneration, where it is involved in anteroposterior patterning (Roy and Gardiner 2002; Schnapp et al. 2005) . These data point out that, while some signaling pathways play similar roles in regeneration of different organs and/or appendages, it is also possible that the same signaling pathway can play completely different roles in different regenerating organs.
Summary
Tail regeneration occurs in similar steps as limb regeneration and involves formation of a blastema. In this paradigm, however, differences between species in the cellular mechanisms involved are evident: Dedifferentiation occurs in urodeles, but not anuran amphibians. The cellular events that occur during tail regeneration are summarized in Table 1 . Most of our knowledge of the signals regulating the process comes from frogs, where BMP and Notch signaling have been identified as major players. Intriguingly, experimental activation of BMP signaling is sufficient to induce complete tail regeneration in frog larvae. The molecular signals that are involved in tail regeneration are summarized in Table 2 .
Fin regeneration
Urodeles are the classic model for study of epimorphic regeneration, long heralded as such because of their truly amazing regenerative abilities. Until recently, however, molecular studies in these organisms have been hindered by the lack of well-developed molecular and genetic techniques. While recent advances in transgenic technology open new avenues for molecular analysis of regeneration in axolotl, zebrafish have been emerging as a model for regeneration studies as well. Zebrafish can regenerate many structures including the heart, retina, spinal cord, and fin and, importantly, are also highly amenable to standard molecular and genetic techniques (for review, see Akimenko et al. 2003; Poss et al. 2003) . The caudal fin has become a popular model for studying the molecular mechanisms regulating regeneration due to its accessibility to amputation and its fairly simple structure, consisting of segmented bony fin rays. Each ray is comprised of concave, facing hemirays that surround connective tissue, as well as nerves and blood vessels. After amputation, zebrafish fins regenerate much like amphibian limbs, in that regeneration proceeds through three general steps: wound healing, blastema formation, and outgrowth. This occurs quickly, in ∼7-14 d, with fins regenerating faster in warmer water (Johnson and Weston 1995) .
Wound healing
Within the first 1-3 hpa, cells migrate to cover the wound by forming a thin epithelial layer. It is known that this process occurs without the proliferation of cells and does not require a blood supply (Santamaria et al. 1996; Poleo et al. 2001; Nechiporuk and Keating 2002; Santos-Ruiz et al. 2002; Bayliss et al. 2006) ; however, the molecular signals that initiate this process are unknown. Wound healing continues until 18-36 hpa, and during this time, it is known that several signaling molecules are up-regulated. fgf20a and wnt10a are both expressed within the first 6 hpa (Whitehead et al. 2005; StoickCooper et al. 2007 ). Importantly, loss-of-function studies for both fgf20a and Wnt/␤-catenin signaling (in fgf20a mutant fish and in transgenic fish overexpressing Dkk1, an inhibitor of Wnt/␤-catenin signaling [hsDkk1GFP], or wild-type fish infected with an adenovirus expressing Dkk1) show that, although cells migrate to cover the wound in both cases, an abnormal and incorrectly specified WE forms (Whitehead et al. 2005; Kawakami et al. 2006; Stoick-Cooper et al. 2007 ). Blood vessels heal during this time, and regenerative angiogenesis begins, the latter requiring vascular endothelial growth factor (VEGF) signaling (Huang et al. 2003; Bayliss et al. 2006) . Interestingly, in the absence of angiogenesis, the fin can regenerate up to ∼1 mm before arresting (Bayliss et al. 2006) .
Blastema formation
During the next phase of zebrafish fin regeneration, a blastema forms that is thought to be comprised of progenitor cells; however, it is not known where these progenitor cells come from. It is possible that either mature fin cells dedifferentiate or that quiescent stem cells are activated to form this pluripotent mass; however there is not direct evidence for either process. It appears likely that dedifferentiation plays the major contributing role to the formation of the blastema, however, since bromodeoxyuridine (BrdU) pulse-chase experiments have failed to reveal pre-existing slow-cycling stem cells that could contribute to the formation of the blastema (Nechiporuk and Keating 2002) . In addition to their role in wound healing, it is also known that both Wnt/␤-catenin and FGF signaling pathways are required for blastema formation because inhibition of either pathway beginning after wound healing has taken place results in failure to express msx genes and absence of a blastema, causing complete regeneration failure (Poss et al. 2000; Stoick-Cooper et al. 2007 ). Our studies show that in hsDkk1GFP fish, expression of fgf20a and the FGF target gene sprouty4 are lost, suggesting that Wnt/␤-catenin signaling acts upstream of FGF signaling ). However, the reciprocal experiment has not yet been performed, so it is possible that FGF signaling also induces Wnt/␤-catenin signaling in a positive feedback loop. Interestingly, there are also a couple of factors known to inhibit blastema formation when overexpressed, including Wnt5b and the chemokine, stromal cell-derived factor (SDF-1) (Dufourcq and Vriz 2006; Stoick-Cooper et al. 2007 ). These molecules may play a role in tightly regulating blastema formation and proliferation so that an inappropriately sized or overgrown blastema does not form.
Regenerative outgrowth
Between 2 and 4 dpa, the regenerating fin transitions into the outgrowth phase. The cell cycle speeds up, from a median G2 length of >6 h during blastema formation to only 1 h during outgrowth (Nechiporuk and Keating 2002) , and the fin begins to rapidly grow back. Blastemal cells differentiate into scleroblasts, which begin to secrete the matrix that will form the new bones, the lepidotrichia (Geraudie and Singer 1992; Santamaria et al. 1992; Becerra et al. 1996; Mari-Beffa et al. 1996) . Both of the usual suspects, Wnt/␤-catenin signaling and FGF signaling, are still active and important for the outgrowth phase of fin regeneration; both pathways are required for expression of shh, which becomes an important player during this time (Laforest et al. 1998; Poss et al. 2000; Stoick-Cooper et al. 2007) . Shh begins to be expressed in cells of the basal layer of the epidermis, immediately adjacent to the newly forming dermal bone structures of the fin rays (Laforest et al. 1998) . Ectopic expression of shh or bmp2 in the blastema induces excess bone deposition and mispatterning of the regenerate (Quint et al. 2002) . The expression of chordin, an inhibitor of BMP signaling, can block these effects, and the Shh signaling inhibitor cyclopamine causes an inhibition of fin outgrowth, implicating both Shh and BMP signaling in the proliferation and/or differentiation of scleroblasts (Quint et al. 2002) . Recent studies further define a role for BMP signaling as being required for both blastema cell proliferation as well as bone matrix deposition (Smith et al. 2006) . Surprisingly, Smith et al. (2006) describe differential expression of sox9a/b, and a recent study by Avaron et al. (2006) shows expression of Indian hedgehog, all known to be expressed by cartilage-forming cells, during fin regeneration Smith et al. 2006 ). This would not be surprising if we were talking about axial and/or appendicular skeletal elements, which are formed via endochondral ossification, but fin rays are described as dermal bones, which are made via intramembranous ossification (Haas 1962; Geraudie and Landis 1982; Hall and Miyake 2000) . Avaron et al. (2006) suggest that the presence of cartilage markers indicates that the dermal fin ray represents an intermediate phenotype between cartilage and bone. Interestingly, sox9a expression depends on intact BMP signaling, but sox9b does not (Smith et al. 2006) . Finally, RA receptors are expressed during fin regeneration, and exogenous RA causes bifurcating bones to fuse together, suggesting a role for RA signaling in bone patterning during outgrowth (White et al. 1994) .
Positional memory
Similar to regenerating limbs, amputated fins display "positional memory." That is, they grow back to the correct length, no matter where on the proximodistal axis they were amputated, and fins amputated more proximally grow back faster than do fins amputated more distally (Akimenko et al. 1995; Lee et al. 2005) . Lee et al. (2005) found that growth rates correlate with position-dependent differences in blastemal length, mitotic index, and expression of FGF signaling target genes. Using transgenic fish in which FGF signaling can be inducibly attenuated, these authors show that the level of FGF signaling determines regenerative growth rate, thus implicating this pathway in instructing positional memory in the fin . It is known that FGF signaling regulates msxb expression (Poss et al. 2000) . It may be through Msxb that positional memory is conferred, considering that the level of expression of msxb depends on where along the proximodistal axis the fin is amputated, with cells of the rapidly proliferating proximal blastema expressing higher levels than the cells of the less rapidly proliferating distal blastema (Akimenko et al. 1995; Lee et al. 2005) .
Negative regulators
While the gradual extinction of a positive regulator of regeneration is one way in which a fin might tell itself to stop growing by a certain point, there are likely additional mechanisms at work. Our recent studies describe a role for ␤-catenin-independent Wnt signaling, activated by Wnt5b, as a negative regulator of fin regeneration ). We show that overexpression of Wnt5b in heat-shock transgenic fish inhibits ␤-catenin target gene expression and cell proliferation and leads to complete regeneration failure. Most importantly, we show that fish that are homozygous mutants for wnt5b regenerate their fins faster than wild type. Because wnt5b appears to act to negatively regulate ␤-catenin signaling, we postulated that ␤-catenin signaling may induce wnt5b expression in an effort to regulate itself, and we find that this is, indeed, the case, as inhibition of ␤-catenin signaling results in suppression of wnt5b expression. These findings lead us to the hypothesis that wnt5b acts in a negative feedback loop to regulate Wnt/␤-catenin signaling to aid in regrowing the proper size of fin ). Wnt5b is expressed throughout regeneration from very early on, and while it is possible that it might only act to regulate the function of Wnt/␤-catenin signaling, it may also play other roles that remain to be uncovered.
Summary
Studies of zebrafish fin regeneration have shown that molecular mechanisms similar to those in limb regeneration are at play. The unique ability to perform forward genetic screens for mutations affecting regeneration has provided genetic proof for the importance of FGF signaling in formation of the WE and subsequent establishment of the blastema. Likewise, Wnt/␤-catenin signaling is involved in all three phases of regeneration and is sufficient to enhance regenerative outgrowth, while ␤-catenin-independent Wnt signaling serves as an unexpected required antagonist of regeneration. The cellular and molecular events that occur during fin regeneration are summarized in Table 1, Figure 2, and Table 2 , respectively.
Heart regeneration
It is not surprising that heart regeneration is a major topic of interest among regeneration enthusiasts. Myocardial infarction (MI) is a leading cause of death worldwide. If one is lucky enough to survive an MI, the damaged area of his/her heart will be scarred permanently, rendering the heart more likely to endure future MIs and eventually complete organ failure. Therefore, one goal of regenerative medicine is to promote heart repair or regeneration, thereby enhancing the lives of millions of patients.
There are studies that demonstrate some signs of heart regeneration in the newt and axolotl, although the predominant response to resection of the heart is scarring (Becker et al. 1974; Oberpriller and Oberpriller 1974; Neff et al. 1996; Flink 2002) . In contrast, zebrafish possess a unique ability to completely regenerate amputated hearts (Poss et al. 2002; Raya et al. 2003; Poss 2006) . Immediately after ventricular resection, an erythrocytic clot forms that seals the wound (Poss et al. 2002) . Fibrin replaces the clot and instead of becoming collagen-rich scar tissue, as happens in mammals, new cardiomyocytes displace the fibrin and give rise to new cardiac muscle. Although there are few studies that describe this latter process, a recent study from the Poss laboratory (Lepilina et al. 2006) shows that after ventricular resection, regeneration proceeds through two coordinated steps. First, undifferentiated progenitor cells that express genes normally only found in heart precursors during embryogenesis localize to the apical edge of the existing myocardium. Then epicardial tissue surrounding both cardiac chambers rapidly expands to cover the exposed myocardium. Some of these epicardial cells undergo an epithelial-to-mesenchymal transition (EMT), invading the wound and providing new vasculature to regenerating muscle. Functionally, the only signaling pathway that has definitively been shown to be required for this process in vivo is the FGF signaling pathway (Lepilina et al. 2006) . When FGF signaling is blocked by expression of a dominant-negative FGF receptor in transgenic fish, epicardial EMT and coronary neovascularization fail, halting regeneration prematurely.
We recently showed in the Wnt/␤-catenin-responsive transgenic zebrafish reporter line TOPdGFP that Wnt/␤-catenin signaling is also activated in the same region that Leplilina et al. (2006) found to be rich in cardiac progenitors from 3 to 14 dpa, raising the question of what the functional role of Wnt/␤-catenin signaling may be during heart regeneration (Lepilina et al. 2006; StoickCooper et al. 2007 ). Another recent study identified two members of the platelet-derived growth factor (PDGF) family to be up-regulated during zebrafish heart regeneration (Lien et al. 2006) . Intriguing data suggest that PDGF signaling may be required in vivo during regeneration for DNA synthesis in cardiomyocytes (Lien et al. 2006) . Notch1b and deltaC, as well as many other genes, have been shown to be expressed during heart regeneration as well, but future studies are needed to determine the functional involvement of each gene during this process (Raya et al. 2003; Lien et al. 2006 ).
Summary
In summary, the field of zebrafish heart regeneration is young, but holds much promise in answering questions about how a heart is naturally optimized to regenerate after damage and may hold many clues as to how to manipulate mammalian hearts to do so as well. The zebrafish heart regenerates via activation of progenitor cells that display an embryonic expression profile. Molecular analysis of heart regeneration has only recently begun and has uncovered an essential role for FGF signaling during later phases of the regenerative process. Other pathways, including Wnt/␤-catenin and Notch signaling, are known to be activated, but their function has so far not been tested. The cellular and molecular events that occur during heart regeneration are summarized in Tables 1 and 2 .
Liver
The liver is the only mammalian organ that displays high regenerative capacity, and readily regenerates also in lower vertebrates. After amputation/resection (hepatectomy) of up to 70% of liver mass, the original size of the organ will be restored within 7-10 d in rats and 3-6 mo in humans (for review, see Taub 2004; . Similarly, the liver can recover from massive death of cells due to toxins or virus infection. The leftover healthy parts of the liver make up for the lost mass by proliferation, thus the liver regenerates by compensatory growth.
Interestingly, compensatory liver growth can be achieved by several means. In response to amputation, the remaining differentiated cells enter the cell cycle and go through one to two rounds of cell division until the original size of the organ has been replaced (for review, see Fausto 2004; Taub 2004; Fausto et al. 2006 ). This is a remarkable process, since the differentiated cells of the adult liver are long-lived and normally do not undergo cell division. In addition, the cells do not lose their differentiated phenotype during proliferation, which makes liver regeneration one of the few examples of proliferation of terminally differentiated cells. This property is likely important, since the regenerating liver needs to stay functional during regeneration due to its essential roles in metabolic homeostasis and its function as the main detoxifying organ of the body. Eighty percent of the cells in the adult liver are parenchemal hepatocytes. After partial hepatectomy, most of these hepatocytes in the remaining liver enter the cell cycle quickly, reaching S phase within 12 h in rats and peaking at 24 h. Other important hepatic cell types-the Kupffer cells (a macrophage that permanently resides in the liver), biliary epithelial cells, and endothelial cells lining the blood vessels-start to proliferate later. Since the various cell types proliferate at different speeds, the organization of the liver is not maintained during regeneration. Rather, hepatocytes form clusters of 10-14 cells that do not resemble normal liver architecture. Thus, the proliferative phase of liver regeneration must be followed by a poorly understood remodeling phase, in which normal organization is re-established.
It is now thought that in addition to regeneration by proliferation of differentiated cells, progenitor cells can also contribute to restoration of liver mass. In particular, it appears that such progenitor cells are the main source of regeneration in response to death of hepatic cells caused by virus infection or certain toxic substances (for review, see Fausto 2004; Santoni-Rugiu et al. 2005) . While the exact nature of these progenitors, their potential to differentiate into several cell types, and their location in the liver has not been conclusively established, it appears that so-called oval cells act as a progenitor cell type during regeneration (Newsome et al. 2004 ). These are thought to reside in a defined progenitor cell niche (the canals of Hering in the biliary tree) and have been shown to contribute to differentiation of hepatocytes and biliary cells (Evarts et al. 1987 (Evarts et al. , 1989 Sell 2001; Oh et al. 2002; Yin et al. 2002) . Recently, a progenitor cell population distinct from oval cells has been isolated from adult human liver that can differentiate into hepatocytes, and along osteogenic and endothelial fates. Importantly, these cells also participate in liver regeneration when injected into damaged livers (Herrera et al. 2006) . Thus, it appears that several progenitor cell populations exist in the adult liver that might play important roles in liver regeneration.
Additionally, it has been shown that adult hepatocytes appear to be able to transdifferentiate into biliary epithelium during repair from injury under conditions in which the proliferative capacity of the biliary cells is compromised (Michalopoulos et al. 2005) . Thus, it appears that differentiated hepatocytes possess some cellular plasticity that can assist efficient regeneration.
Quite a lot is known about the extracellular signaling pathways regulating liver regeneration. In fact, compensatory growth of the liver is arguably the best understood regenerative process from a molecular point of view. The success in elucidating the pathways regulating liver regeneration stems from the availability of cell culture models useful for testing the mitogenic activities of signaling factors combined with powerful genetic tools like liver-specific knockouts in mice that address whether a certain pathway is required in vivo. Most of the studies on signaling in liver regeneration have used the hepatectomy model, where differentiated cells respond by proliferation, but it appears that many of the same signals regulate the progenitor-mediated regeneration triggered predominantly by toxins.
Innate immunity and cytokine signaling
The earliest signals known to be important for triggering liver regeneration are part of the innate immune system. These signals activate Kupffer cells, the macrophages that are resident to the liver, which then produce secondary signals that activate regeneration. Lipopolysaccharide (LPS), which is present in the portal circulation due to its release from the cell walls of bacteria in the gut, is an endotoxin that can trigger strong responses of the innate immune system. Kupffer cells have receptors for LPS, and regeneration is delayed in germ-free mice or mice with a hyposensitivity to LPS (Cornell et al. 1990 ). The hyposensitivity to LPS is caused by a point mutation in Toll-like receptor 4 (Tlr4), a member of a class of receptors that bind various microbial products (Poltorak et al. 1998) . Interestingly however, Tlr4 knockout (KO) mice and mice deficient in other TLR-like receptors show normal liver regeneration. In contrast, mice lacking myeloid differentiation factor 88 (MyD88), an adapter protein that acts downstream from several of these receptors, do not activate cytokines in response to hepatectomy (Seki et al. 2005; Campbell et al. 2006 ). Thus, although it appears that signaling from TLR-like receptors is important for the earliest triggers of regeneration, it has become doubtful whether LPS itself is the ligand that activates Kupffer cells. In addition to microbial endotoxin-activated signaling, the members of the complement cascade C3a and C5a activate Kupffer cells to stimulate the release of cytokines that then act on hepatocytes and other cell types (Mastellos et al. 2001; Strey et al. 2003) .
Activation of this cytokine network happens very fast, within 30 min post-amputation, and is thought to be required to make hepatocytes competent for cell division. In the normal liver, hepatocytes are quiescent and only minimally respond to potent mitogenic growth factors. Cytokines, on the other hand, are also not sufficient to trigger proliferation, but they appear to make hepatocytes competent to respond to growth factor stimuli, a process called priming. The main cytokines studied are tumor necrosis factor (TNF) and Interleukin-6 (IL-6). TNF receptor-1 KO mice have several defects after partial hepatectomy, but mice lacking the TNF ligand regenerate normally, indicating that TNF acts redundantly with other ligands that bind the receptor (Fujita et al. 2001; Hayashi et al. 2005) . TNF and other ligands of the TNF receptor are thought to activate NF-B signaling in Kupffer cells, which results in up-regulation of IL-6 expression (Kirillova et al. 1999 ). IL-6 released by Kupffer cells then acts on hepatocytes, where it activates Stat3 and mitogen-activated protein kinase (MAPK) signaling, resulting in modulation of transcription of many target genes (Li et al. 2001) .
Interestingly, a TNF-related ligand, TWEAK, has been found to be involved in activation of liver progenitor cells in toxin-induced regeneration, without having an effect on differentiated hepatocytes (Jakubowski et al. 2005) . TWEAK is sufficient to stimulate proliferation of oval cells in culture and in vivo, while mice deficient for the TWEAK-receptor Fn14 or mice treated with an anti-TWEAK antibody display a reduction in oval cell expansion during toxin-induced regeneration. Thus, in contrast to other cytokines, TWEAK appears to be a specific regulator of progenitor cell-mediated liver regeneration.
Recently, platelet-derived serotonin was shown to be required for mouse liver regeneration (Lesurtel et al. 2006) . Besides its function as a neurotransmitter, serotonin is known to act as a hormone with various functions. Platelets (thrombocytes) carry serotonin in the blood and release it at sites of tissue injury. Expression of serotonin receptors in the liver is up-regulated during regeneration, and hepatocyte proliferation after hepatectomy is reduced after chemical inhibition of serotonin receptors and in mice lacking serotonin on platelets. These findings might represent another direct link between the in-jury response and regeneration, but at present the timing of serotonin-dependent responses and the cell type that responds to the hormone have not been characterized in detail.
Growth factor signaling
After priming by cytokines, growth factors drive cell cycle progression of differentiated liver cells during regeneration. Hepatocyte growth factor (HGF) is a potent mitogen for primed hepatocytes, and analysis of mice specifically lacking the HGF receptor c-met in hepatocytes confirms that HGF signaling is required for liver regeneration (Borowiak et al. 2004; Huh et al. 2004 ). The second major class of growth factors regulating hepatic cell proliferation is the ligands of the epidermal growth factor (EGF) receptor, including EGF, TGF␣, heparinbinding EGF-like growth factor (HB-EGF), and amphiregulin (AB). These factors can induce proliferation of (primed) hepatocytes in vitro and in vivo. Knockout of individual ligands results in a significant deficit in cell proliferation (AR), a delay in replication (HB-EGF), or no detectable defect (TGF␣), indicating that these ligands act partially redundantly in liver regeneration (Russell et al. 1996; Berasain et al. 2005; Mitchell et al. 2005) . The receptors for both HGF and the EGF family of ligands are receptor tyrosine kinases that activate numerous intracellular signaling pathways, including the Ras-Ref-MEK cascade, PLC␥, Src, and Akt, resulting in cell proliferation.
Cytokines appear to activate growth factors at least in part via activation of MMPs. In cultured hepatocytes, the cytokine TNF can activate an MMP called TGF␣-converting enzyme (TACE), resulting in release of TGF␣ and activation of cell proliferation (Argast et al. 2004) . This is relevant in vivo, since mice lacking a specific inhibitor of TACE show elevated levels of TNF protein and earlier entry into S phase after hepatectomy (Mohammed et al. 2004 ). In addition, the main effect of TNF in priming of hepatocyte proliferation in response to EGF has been shown to be the activation of MMPs, which degrade extracellular matrix components and thus allow proliferation of hepatocytes (Serandour et al. 2005) .
Other signals
Expression of FGF ligands and the FGF receptors 1 and 2 is up-regulated in regenerating liver, indicating that FGF signaling might play a role in regeneration (Evarts et al. 1993; Sturm et al. 2004b ). However, mice deficient in Fgf2 display only minor defects in liver regeneration (Sturm et al. 2004b) . Interestingly, VEGF, whose expression is up-regulated in Fgf2 KO mice, might compensate for the loss of Fgf2, since chemical inhibition of VEGF signaling in Fgf2 KO mice results in significant impairment of regeneration, while it has no effect in wild-type mice (Sturm et al. 2004a) .
Wnt/␤-catenin signaling has also been suggested to play a role in mammalian liver regeneration. Levels of ␤-catenin have been reported to increase within 5 min after hepatectomy, but decrease below the baseline by 15 min (Monga et al. 2001 ). Although such a transient increase in ␤-catenin levels is unlikely to be sufficient for induction of Wnt target gene expression, studies using antisense morpholino-mediated knockdown of ␤-catenin in regenerating rat liver and conditional knockout of ␤-catenin in the mouse liver have reported decreased hepatic cell proliferation and suboptimal regeneration (Sodhi et al. 2005; Tan et al. 2006) . Since ␤-catenin has important functions in cell adhesion, it remains to be seen whether these effects are due to decreased Wnt/␤-catenin signaling.
Signals that inhibit liver regeneration
The size of the liver is highly regulated and tuned to the functional needs of the organism. Consequently, liver regeneration needs to stop when the original mass has been reached. The signals that mediate this regulation are poorly understood, but might include TGF␤ and related TGF␤ family members such as activin. TGF␤ acts as a hepatocyte anti-proliferative factor, but although TGF␤ protein is up-regulated during regeneration, hepatocytes become resistant to TGF␤ and can proliferate despite its presence (Koniaris et al. 2003) . The TGF␤ family of ligands signals via SMAD proteins, and resistance of hepatocytes to TGF␤ might be partly achieved by up-regulation of the SMAD inhibitors SNON and SKI (Macias-Silva et al. 2002) . Notably, inhibitory complexes between SNON, SKI, and activated SMADs decrease after restitution of liver mass. Activin also blocks hepatocyte proliferation and shows decreased signaling during regeneration, when the levels of its receptors are reduced, but receptor levels rebound at termination of regeneration (Date et al. 2000) . Importantly, inhibition of activin and TGF␤ signaling by administration of follistatin results in accelerated liver regeneration and increased liver size (Takabe et al. 2003) . Thus, signaling through TGF␤ pathways might at least partially regulate the termination of liver regeneration.
Summary
The liver is the only mammalian organ that regenerates after major loss of tissue, by activation of compensatory growth via proliferation of differentiated hepatocytes or activation of progenitor cells. The cellular events that occur during liver regeneration are summarized in Table  1 . Studies of the signals regulating liver regeneration have revealed a major role for immune system-derived signals, in particular cytokines, in triggering proliferation. In addition, several growth factors, including FGF, are required for proliferation. The molecular signals that govern liver regeneration are summarized in Figure 3 and Table 2 .
Skeletal muscle
Skeletal muscle tissue has a high capacity for regeneration. In amphibia, skeletal muscle can regenerate in the context of a whole regenerating limb or tail. Here, new muscle is formed from progenitor cells of the blastema. In addition, local damage of muscle can be repaired by direct formation of muscle fibers from resident progenitor cells at the site of damage. This type of repair, sometimes called "tissue mode of muscle regeneration," appears to be a universal feature of vertebrates (for review, see Carlson 2003) , while muscle regeneration from a blastema in the context of an appendage is a feat only displayed by amphibia. We discussed such epimorphic muscle regeneration in the sections on limb and tail regeneration, and here we will focus on muscle tissue regeneration, which has been most intensely studied in chick, rats, and mice. Many signals involved in muscle regeneration have been identified through a combination of cell culture studies and mouse genetics. One emerging theme from these studies is that many of the signals that regulate muscle formation during embryogenesis are also involved in muscle regeneration.
Repair of muscle is triggered in response to damage of individual muscle fibers due to trauma, ischemia, or toxins, but can, at least in the relatively small rodents and birds, occur even if a whole muscle is explanted, minced into small pieces, and replaced back into the bed of the removed muscle (for review, see Carlson 2003) . After injury, cells of the immune system, in particular neutrophils and macrophages, rapidly invade muscle, and there is good evidence that injured muscle actively attracts these cells by production of several chemoattractants (for review, see Tidball 2005) . Neutrophils appear to actually increase the damage, by lysing cell membranes via a superoxide-dependent mechanism. Depletion of neutrophils before injury due to ischemia reduces the histologically detectable muscle damage (Korthuis et al. 1988; Kyriakides et al. 1999) , and mice with a null mutation of gp91 phox , which is required for superoxide generation by neutrophils, do not suffer from membrane lysis after injury (Nguyen and Tidball 2003) . Whether such amplification of damage is actually beneficial for efficient regeneration or rather impairs repair is not entirely clear.
On one hand, gp91
phox KO mice appear to regenerate normally (Nguyen and Tidball 2003) , but toxin-induced regeneration is slower in animals whose neutrophils have been depleted by antisera (Teixeira et al. 2003) .
Macrophages also rapidly invade injured muscle. They appear to aid in removal of cellular debris by phagocytosis, but can also increase the damage. This was shown in mdx mice, which are mutant for dystrophin and therefore are more susceptible to mechanical damage of the cell membrane during muscle contraction. This leads to muscle degeneration due to membrane lysis and a muscular dystrophy phenotype. Depletion of macrophages in mdx mice results in a significant decrease of muscle cell membrane lysis in vivo (Petrof et al. 1993) . In contrast to neutrophils, however, there is more evidence that macrophages have a beneficial role for muscle regeneration. Depletion of macrophages by irradiation impairs muscle regeneration by transplanted myogenic cells, and conditioned media from macrophage cultures increases the rate of proliferation of muscle progenitor cells in vitro (Cantini and Carraro 1995; Massimino et al. 1997; Merly et al. 1999; Cantini et al. 2002) . Some candidate molecules mediating these effects are discussed below.
As we have discussed above, during limb and tail regeneration of urodele amphibia, differentiated muscle fibers dedifferentiate, and a sizable fraction of the progenitor cells of the blastema is thought to be produced by this mechanism. In contrast, muscle repair by the tissue mode both in urodeles and in amniotes does not appear to involve dedifferentiation. Rather, resident muscle progenitor cells, called satellite cells, that reside between the muscle fiber surface and the overlying basement membrane are activated to proliferate and either fuse with damaged, but still living fibers, or differentiate into new multinucleated myofibers by fusing with each other . Several cell types displaying characteristics of hematopoietic progenitor cells have also been shown to have myogenic potential. Genetically marked bone marrow grafts and even individual hematopoietic stem cells can contribute to regenerating Figure 3 . Signals involved in regulation of mammalian liver regeneration. Evidence from in vitro and in vivo data is combined in the cartoon. Liver regeneration occurs in response to toxic injury or partial hepatectomy, which is depicted in the cartoon. Bacterial endotoxins, possibly including LPS, and signals from the innate immune system, in particular the complement components C3a and C5a, might activate resident macrophages in the liver, the Kupffer cells. These secrete cytokines, including IL-6 and members of the TNF family including TWEAK, which make differentiated hepatocytes competent for proliferation. Mainly in response to toxic injury, but not after hepatectomy, these cytokines also activate progenitor cells, the so-called oval cells. Several growth factors are then implicated in regulating proliferation of primed hepatocytes or oval cells, in particular HGF, members of the EGF family, and FGF. Wnt/␤-catenin signaling might also be involved. Members of the TGF␤ family of signaling molecules, in particular activin, act as negative regulators of liver proliferation. myofibers, and a population of muscle-resident cells expressing the hematopoietic lineage marker CD45 has also been shown to be myogenic (Ferrari et al. 1998; Gussoni et al. 1999; LaBarge and Blau 2002; Camargo et al. 2003; Corbel et al. 2003; Polesskaya et al. 2003; Sherwood et al. 2004) . While these findings are still very exciting due to their therapeutic promise, the prevalent view today is that, under normal physiological conditions, satellite cells are the only relevant source of regenerating skeletal muscle and that the contribution of other cells is negligible (Partridge 2004; Wagers and Conboy 2005) .
Cytokine signaling
Macrophages secrete proteins that can stimulate muscle progenitor cell proliferation, and it appears that some of the same cytokines that regulate liver regeneration are at play here as well. The cytokines IL-6, leukemia inhibitory factor (LIF), and TGF␣ can stimulate muscle progenitor proliferation and inhibit their differentiation in culture (Austin and Burgess 1991; Austin et al. 1992; Jo et al. 2005) , but IL-6 KO mice have no muscle regeneration defect (Warren et al. 2002) , making it unclear at present whether these cytokines play a role in vivo. TNF receptor double-knockout mice and mice treated with neutralizing anti-TNF␣ antibody show defects in expression of muscle differentiation markers and in formation of new muscle fibers (Warren et al. 2002; Chen et al. 2005) , indicating that TNF␣ signaling has a positive role in muscle regeneration. However, loss of TNF␣ and double knockout of TNF␣ with its homolog LT␣ do not impair muscle regeneration (Collins and Grounds 2001) . Furthermore, overexpression of TNF␣ in vivo results in inhibition of muscle regeneration (Coletti et al. 2005) . Thus, the role of TNF␣ in muscle repair is complex, and it might have positive and negative affects depending on the injury model and the stage of the injury.
Interestingly, the TNF ligand TWEAK, which is required for progenitor cell activation during liver regeneration (see above), appears to have a positive role in skeletal muscle regeneration as well. TWEAK promotes proliferation and inhibits differentiation of muscle precursors in culture, and mice deficient in the TWEAK receptor Fn14 display delayed muscle fiber regeneration (Girgenrath et al. 2006) . Macrophages are the likely source of the TWEAK signal. In summary, several cytokines are involved in regulation of muscle regeneration, but further studies are required to clarify whether these act as triggers of regeneration.
Growth factor signaling
FGF ligands are able to stimulate the proliferation and suppress the differentiation of muscle progenitors in culture (for review, see Husmann et al. 1996) . However, FGF6 overexpression in vivo was shown to be sufficient to both induce muscle proliferation and accelerate differentiation (Armand et al. 2003 (Armand et al. , 2005 . Contradictory results have been published about the in vivo role of FGF6 in muscle regeneration. One group reported that Fgf6 KO mice showed reduction of satellite cell activation after injury and impaired regeneration (Floss et al. 1997 ), but another group found no muscle regeneration defects in independently created Fgf6 KO mice (Fiore et al. 2000 ). Yet another group found that differentiation of muscle progenitors was actually accelerated in Fgf6 KO mice (Armand et al. 2005) . These striking discrepancies are unresolved at this time, but could be due to different gene targeting strategies, genetic backgrounds, and injury models. Sources for FGF ligands in vivo are both macrophages and satellite cells, but further studies are needed to clarify the role of FGF signaling in muscle regeneration.
Insulin-like growth factors (IGFs) stimulate proliferation of muscle progenitor cells, but subsequently also induce their differentiation (for review, see Mourkioti and Rosenthal 2005) . These effects are achieved via activation of different intracellular pathways by the same IGF type I receptor: MAPK signaling induces proliferation, while phosphatidylinositol 3-kinase (PI3K) signaling causes differentiation. While loss-of-function evidence for an in vivo requirement of IGF signaling in muscle regeneration is not available, targeted overexpression of IGF in muscle has spectacular beneficial effects on regeneration after injury, muscle degeneration in muscular dystrophy mdx model mice, and on agerelated muscular atrophy and diminished regenerative capacity (Musaro et al. 2001; Barton et al. 2002; Rabinovsky et al. 2003) .
Notch signaling
Notch signaling is induced in activated satellite cells 2 d after injury both in culture and in vivo (Conboy and Rando 2002) . In several systems, asymmetric cell division of progenitor cells results in asymmetric inheritance by the daughters of the protein Numb, which inhibits Notch signaling (Roegiers and Jan 2004) . Thus, different levels of Notch signaling exist in the daughter cells, causing the daughters to adopt different cell fates. Interestingly, Conboy and Rando (2002) found that activated satellite cells during muscle regeneration also show asymmetric Numb expression. In a myofiber explant system, cells with low Numb levels expressed markers of a less committed muscle phenotype, and overexpression of Numb resulted in down-regulation of these markers. Conversely, expression of constitutively active Notch receptor caused inhibition of differentiation markers and increased proliferation of the progenitors in culture (Conboy and Rando 2002) . Importantly, inhibition of Notch signaling in vivo impaired muscle regeneration (Conboy et al. 2003) . Thus, it appears that active Notch signaling induces proliferation of satellite cells and keeps them in an uncommitted state and that asymmetric distribution of Numb during cell division results in inhibition of Notch signaling in one daughter, which proceeds to differentiate along the myogenic lineage. Notch signal transduction in activated satellite cells appears to be triggered by up-regulation of the ligand Delta in satellite cells themselves and in muscle fibers adjacent to the damage (Conboy et al. 2003) . Upregulation of Delta and activation of Notch signaling are diminished in old mice, whose satellite cells proliferate less in response to injury, resulting in reduced efficacy of regeneration. Intriguingly, forced activation of Notch signaling at the site of injury was sufficient to improve muscle regeneration in old mice, rendering it similar to that of young mice (Conboy et al. 2003) .
Wnt/␤-catenin signaling
Wnt/␤-catenin signaling has been shown to be involved in myogenic commitment of nonsatellite progenitor cells. As we have discussed above, the relevance of such cells for muscle regeneration under nonexperimental conditions is being debated. Nevertheless, the identification of signaling pathways regulating the fate of such cells might be of therapeutic relevance. Cells expressing the hematopoietic cell surface markers Sca1 and CD45 were found to be present in muscle and to proliferate in response to injury (Polesskaya et al. 2003 
Signals that inhibit muscle regeneration
Satellite cells are not only the source of regenerating muscle fibers following injury, but they also create additional muscle during muscle growth; for example, in response to exercise. Consequently, it is not unexpected that similar mechanisms regulate muscle regeneration and muscle growth. Tissue size has long been speculated to be under negative control of secreted factors that are produced by the tissue and circulate through the body (for review, see Lee 2004) . Myostatin, a member of the TGF␤ family of signaling molecules, acts as such a negative regulator of tissue growth, and it does so specifically for muscle. Myostatin is exclusively expressed by skeletal muscle in adult mammals, and present in muscle of other vertebrates as well (for review, see Lee 2004) . Overexpression in adult mice causes a wasting syndrome characterized by loss of muscle and adipose tissues (Zimmers et al. 2002) . Intriguingly, knockout of myostatin in mice results in dramatic and widespread increases of muscle mass, and a natural occurring myostatin mutation produces a particularly beefy breed of cattle (Grobet et al. 1997; McPherron et al. 1997) . Muscle mass is increased due to a combination of increased number and size of muscle fibers. Myostatin-deficient muscle contains an increased number of satellite cells, and a higher fraction of these proliferate in vivo (McCroskery et al. 2003) . Gain-and loss-of-function experiments show that Myostatin inhibits the G1-to-S progression of satellite cells and thus maintains their quiescent status via regulation of p21, a Cdk inhibitor (McCroskery et al. 2003) .
Importantly for the topic of this review, muscle regeneration after injury is enhanced in myostatin knockout mice (McCroskery et al. 2005) . Interestingly, this appears to be not only due to increased activation of satellite cells, but also due to accelerated migration of satellite cells and macrophages to the injury. Furthermore, inflammation ceases more rapidly in myostatin-deficient mice. Thus, Myostatin is an important negative regulator of muscle regeneration.
Summary
Similar to liver regeneration, immune system-derived signals have an important role in skeletal muscle regeneration by activating muscle progenitor cell proliferation. While the in vivo roles of FGF signaling are somewhat unclear, Notch signaling has clearly been shown to be essential and sufficient to enhance muscle regeneration. Wnt/␤-catenin signaling is required for activation of cells of hematopoietic character to become myogenic, but a role for Wnt signaling in activation of satellite cells that are the predominant source for new muscle has not been described. The cellular and molecular events that occur during muscle regeneration are summarized in Table 1 , Figure 4 , and Table 2 , respectively.
Common themes in molecular regulation of regeneration
While the scale, the complexity, and the cellular mechanisms of regeneration of different organs and structures are obviously quite different, some common principles in their molecular regulation can be identified.
In all vertebrates, activation of the innate immune system is an early reaction to injury. Consequently, signals regulating the immune response are also good candidates for triggers of regenerative processes. Indeed, both in skeletal muscle and liver regeneration, the immune system provides important signals during early phases of the regenerative processes. Similar cytokines, including IL-6 and ligands of the TNF receptor, secreted by cells of the immune system, are implicated in activation of cell proliferation. In particular, the cytokine TWEAK has been shown to be required for progenitor cell proliferation in regenerating liver and muscle. Whether cytokine signaling is also involved in the regulation of heart regeneration has, to our knowledge, not been tested. Likewise, very little is known about the role of cytokine signaling in epimorphic regeneration of appendages. The complement components C3 and C5, which are impli-cated as triggers of liver regeneration, have been shown to be expressed in specific domains during newt limb and lens regeneration (Kimura et al. 2003) , but their functional involvement has not been tested. Interestingly, the chemokine SDF-1 was proposed to be a negative regulator of zebrafish fin regeneration.
Newts appear to have adopted the blood-clotting factor thrombin as an essential signal regulating dedifferentiation and proliferation of cells during muscle and lens regeneration. Thrombin induces cell cycle re-entry of cultured newt myotubes and is activated selectively on the dorsal margin of the iris, which after injury of the lens can dedifferentiate and replace the lens (Imokawa and Brockes 2003; Imokawa et al. 2004 ). If thrombin activity in the eye is blocked, lens regeneration is impaired. It is noteworthy that newts and the Japanese freshwater fish Misgumus are the only vertebrate species known to be able to regenerate their lenses, while even axolotls, which are otherwise champion regenerators, are incapable of doing so (for review, see Godwin and Brockes 2006) . Similarly, muscle dedifferentiation, which thrombin appears to be involved in, might be quite an exceptional feat, only found in urodele amphibians. Therefore, it will be very interesting to test whether the employment of thrombin in regulation of regeneration is a specialized adaptation of newts or important in other organisms and regenerating systems as well.
A comparison of signals known to regulate cell proliferation and specification in different regenerating systems reveals that FGF signaling is implicated in almost all of them. FGFs have several essential roles during epimorphic regeneration of urodele limbs, anuran tails, and fish fins and in regulating WE formation, blastema formation and proliferation, and positional memory. FGF signaling is also required for zebrafish heart regeneration and is implicated in the regulation of cell proliferation and differentiation in regenerating skeletal muscle and mammalian liver, although clarification of its in vivo role in muscle and liver awaits further loss-of-function data. Nevertheless, it is remarkable that FGFs appear to be universal regulators of regeneration, despite the different cellular mechanisms driving regeneration of these systems and the different cell types being regenerated.
Likewise, Wnt/␤-catenin signaling appears to be involved in many regenerative processes as well. It is one of the first signals known to be activated during zebrafish fin and heart regeneration, is required for correct WE patterning in fins and amphibian limbs, and for blastema formation and proliferation in fins. In addition, ␤-catenin signaling appears to have a role in liver regeneration and can activate CD45-positive progenitor cells during skeletal muscle regeneration. In summary, while our knowledge of the signaling pathways controlling different regenerative processes is still sketchy, it is already clear that there is significant overlap in the pathways involved. However, it is likely that the precise function of these signals in different regenerating systems is as diverse as the cellular events happening. Future research will undoubtedly increase the list of common players, but will also reveal differences in their function in different systems.
Lessons for regenerative medicine
One goal of regenerative medicine is to identify cells, typically progenitor or stem cells, that, when introduced into the injured organ, will stimulate regeneration. An alternative goal is to identify small molecules that will stimulate an organism's own endogenous progenitor cells to promote regeneration. Cell transplant approaches are already moderately successful in improving heart function and skeletal muscle regeneration after experimental injury in mice (for review, see Krampera et al. 2006; Mimeault and Batra 2006; Rubart and Field 2006a,b) , and small molecule therapies have been shown to enhance hematopoietic progenitor cell function (Trowbridge et al. 2006 ). As we discussed in the section on skeletal muscle regeneration, some of these interventions take advantage of the fact that cell types that appear not to play a role in physiological repair processes can nevertheless be of therapeutic value. We will not review such approaches further, but want to summarize attempts at improving regenerative processes that make use of the accumulating knowledge about molecular mechanisms regulating these regenerative processes.
While we have learned quite a bit about the molecular mechanisms and the signaling pathways regulating regenerative processes, we do not quite understand why some tissues and organs regenerate well, while others do not. Furthermore, why salamanders and fish are able to form blastemas and regenerate complex structures, while we cannot, is not only difficult to accept, but is also not well understood. A common belief is that regenerative capacity is elevated in lower animals but has diminished in higher ones. However, a more thorough review of the regenerative potential across the animal kingdom reveals that also some "primitive" forms do not regenerate, while close relatives do. For example, some annelids can regenerate the whole body from small fragments, while similarly complex nematodes do not regenerate at all (for review, see Slack 2007) . Likewise, urodele amphibians (salamanders) are the champions of vertebrate regeneration, while anuran amphibians have significantly lower regenerative capability. It thus appears that organism complexity is a rather poor predictor for regenerative capacity. Regeneration can be considered a "pristine" quality of all tissues and structures and not a specific evolutionary adaptation of a few organisms and organs. However, this quality is easily lost during evolution and thus appears to carry some evolutionary cost. Yet, from this point of view, it appears reasonable to assume that the basic machinery necessary for regeneration still exists in human organs and that it might be the triggers of regeneration that are missing.
In support of this view, it has been shown that terminally differentiated mouse muscle cells in culture can be stimulated to dedifferentiate-which salamander muscle cells do during limb regeneration-when treated with extracts from salamander regenerating limbs (McGann et al. 2001) . Similarly, the diminished regenerative potential of skeletal muscle in old mice can be reversed by joining their circulatory systems with those of young mice . Such heterochronic parabiosis restores the activation of Notch signaling in regenerating muscle and the proliferation of satellite cells. Thus, extracellular factors exist that can trigger regeneration in systems that normally do not regenerate. Triggering spectacular regenerative events-like limb regeneration-in humans is a distant goal of regenerative medicine, but manipulation of several factors has been found to improve certain aspects of regeneration.
Most differentiated vertebrate cells withdraw from the cell cycle, which requires the tumor suppressor protein Rb that inhibits expression of genes needed for cell cycle entry. While normal-cycling cells can inactivate Rb by phosphorylation and thus enter the cell cycle, differentiated cells such as mammalian muscle do not respond to growth stimuli (like serum in culture), since the kinases that normally phosphorylate Rb appear to be inhibited. In salamanders, however, skeletal muscle cells and cardiomyocyte cells re-enter the cell cycle in response to serum in culture, and they do so by phosphorylating and thereby inhibiting the Rb protein (Tanaka et al. 1997; Bettencourt-Dias et al. 2003) . Thus, the retained ability to regulate Rb phosphorylation might be one explanation for the plasticity and regenerative capacity of differentiated salamander cells. Indeed, Rb-deficient mouse muscle cells can be stimulated to re-enter the cell cycle in response to serum (Schneider et al. 1994) , and mouse differentiated post-mitotic auditory hair cells likewise re-enter the cell cycle by induced deletion of Rb (Sage et al. 2005) .
Expression of Msx homeobox proteins is a hallmark of the blastemas in regenerating amphibian and fish appendages and tails and is also induced in regenerating zebrafish heart. It is thus conceivable that mammals lack the ability to regenerate these structures due to a failure to activate Msx expression. In support of this hypothesis, forced overexpression of Msx1 in cultured mammalian muscle cells has been shown to cause loss of differentiation markers and fragmentation into mononucleated cells (Odelberg et al. 2000) . These dedifferentiated cells could be induced to differentiate along chondrogenic, adipogenic, myogenic, and osteogenic lineages. While the importance for dedifferentiation of differentiated cells during regenerative processes is disputed, these results point to the possibility of improving mammalian regeneration by adding factors that regulate regeneration in lower vertebrates.
Overexpression of signaling molecules can improve regeneration
The identification of signaling factors and pathways that positively regulate regeneration has prompted efforts to augment regeneration by overactivating these signaling pathways. Intriguingly, in many cases, regeneration can be enhanced by such manipulations or, more rarely, even triggered in systems that normally do not regenerate.
As described above, FGF signaling plays essential roles in blastema-mediated regeneration of amphibian and fish appendages. Intriguingly, implantation of beads soaked with FGF10 has been reported to be sufficient to reactivate regeneration in Xenopus limbs at later stages of development where limbs have lost their regenerative capacity (Yokoyama et al. 2001) . More dramatically, FGF2-soaked beads can stimulate embryonic chick limb buds, which do not regenerate, to regenerate digit-like structures . Thus, activation of FGF signaling holds the promise of improving the regenerative capacity of nonregenerating appendages.
As discussed above, Notch signaling is required for skeletal muscle regeneration in mammals, and forced activation of Notch signaling in injured muscle improves regeneration in old mice (Conboy et al. 2003) . Similarly, targeted overexpression of IGF in skeletal muscle improves muscle regeneration in response to injury, betters the phenotype of a muscle dystrophy mouse model, and enhances the regenerative capacity of old mice (Musaro et al. 2001; Barton et al. 2002; Rabinovsky et al. 2003) . Systemic IGF overexpression even triggers heart muscle regeneration in response to heart failure in mice (N. Rosenthal, pers. comm.). Intriguingly, it has recently been shown that combining FGF1 stimulation and inhibition of p38 MAPK can induce mitosis of cardiomyocytes in vivo after MI in rats, reduces scarring, and improves heart function (Engel et al. 2006) .
We and others have recently shown that Wnt/␤-catenin signaling is required for zebrafish and sala-mander fin and limb regeneration (Kawakami et al. 2006; Stoick-Cooper et al. 2007 ). We found that transient activation of ␤-catenin signaling by overexpression of Wnt8 was sufficient to increase proliferation in the regenerating zebrafish fin, but did not augment overall regeneration. In contrast, prolonged increase of ␤-catenin signaling in fish heterozygous for a loss-of-function mutation of axin1, a negative regulator of ␤-catenin signaling, resulted in accelerated regeneration . Similarly, Kawakami et al. (2006) found that overexpression of constitutively active ␤-catenin can rescue fin regeneration in a fish line that is mutant in an as-yetunidentified gene causing variable fin regeneration defects. Furthermore, constitutively active ␤-catenin could induce, albeit at low frequency, partial regeneration in developing Xenopus hindlimbs at a stage at which untreated limbs did not regenerate (Kawakami et al. 2006) . It is noteworthy that Wnt/␤-catenin signaling is strongly up-regulated during zebrafish heart regeneration (StoickCooper et al. 2007 ); thus, manipulation of Wnt signaling has the potential to be beneficial for regenerative therapies.
It is obvious that attempts to augment regeneration by overactivation of potent signaling molecules, which regulate proliferation and specification of many cell types and some of which, like Wnt/␤-catenin signaling, are involved in tumor formation, will have to deal with the issue of unwanted side effects (e.g., cancer). In this regard, it is encouraging that overactivation of Wnt/␤-catenin signaling in zebrafish regeneration does not appear to induce mispatterning or cancerous overgrowth (Kawakami et al. 2006; Stoick-Cooper et al. 2007 ). However, it is possible that a system with high regenerative capacity, like a fish fin, is adapted to limit such side effects, but attempts to induce regeneration in a normally nonregenerating organ might be more prone to such problems.
Interference with signaling molecules can augment regeneration
Regenerative processes need to be tightly regulated to avoid overgrowth, mispatterning, and tumor formation. A few signals that negatively regulate regeneration have been identified. From a therapeutic standpoint, these are very interesting, since it is typically easier to interfere with the function of a gene than to enhance it.
Myostatin is a highly specific inhibitor of muscle growth (see above), and mice lacking myostatin display improved skeletal muscle regeneration (McCroskery et al. 2005) . Furthermore, administration of Myostatinneutralizing antibodies increases muscle mass and muscle strength in Mdx mice, which serve as a model for Duchenne muscular dystrophy (Bogdanovich et al. 2002) . Thus, myostatin is an excellent candidate for therapeutic intervention in degenerative muscle diseases and muscle wasting syndromes.
We found that Wnt5, likely activating a ␤-catenin-independent signaling pathway, acts as an inhibitor of zebrafish fin regeneration ).
Thus, fish mutant for one of the two wnt5 paralogs, wnt5b, exhibit faster fin regeneration. Wnt5 has been shown to act as an inhibitor of Wnt/␤-catenin signaling in several systems, including the fish fin , indicating that it might interfere with fin regeneration by inhibiting ␤-catenin signaling. It will be interesting to test whether ␤-catenin-independent Wnt signaling is active in other regenerative systems and whether its activity correlates with regenerative capacity.
The future of regenerative medicine
The promise of regenerative medicine lies in part in culturing progenitor and stem cells in vitro and differentiating them into specific cell types suitable for implanting into patients as cell-based therapies. Another hope is that small molecules may stimulate a patient's own progenitor cells to assist in a regenerative response. A third strategy is to grow organs and tissues in vitro for eventual transplantation into patients. All three of these strategies are showing promise, and all will benefit from continued studies of regeneration in model organisms.
